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We have studied the structural, magnetic and electronic properties of Co-implanted ZnO(OOOl) 
films grown on AI2O3 (f 120) substrates for different implantation doses and over a wide temperature 
range. Strong room temperature ferromagnetism is observed with magnetic parameters depending 
on the cobalt implantation dose. A detailed analysis of the structural and magnetic properties indi- 
cates that there are two magnetic phases in Co-implanted ZnO films. One is a ferromagnetic phase 
due to the formation of long range ferromagnetic ordering between implanted magnetic cobalt ions 
in the ZnO layer, the second one is a superparamagnetic phase, which occurs due to the formation 
of metallic cobalt clusters in the AI2O3 substrate. Using x-ray resonant magnetic scattering, the 
element specific magnetization of cobalt, oxygen and Zn was investigated. Magnetic dichroism was 
observed at the Co 1/2,3 edges as well as at the O K edge. In addition, the anomalous Hall effect is 
also observed, supporting the intrinsic nature of ferromagnetism in Co-implanted ZnO films. 

PACS numbers: 85.75.-d, 75.50.Pp, 61.72.U- 



I. INTRODUCTION 



ZnO is a II-VI semiconductor with a wide band gap 
of about 3.4 eV. The stable crystal structure of ZnO is 
the wurtzite structure (hexagonal, with a — 3.25 A and 
c = 5.12 A) '1 , in which each atom of zinc is surrounded 
by four oxygen atoms in tetrahedral coordination. The 
magnetic transition metal doped ZnO is interesting from 
the view point of forming a transparent ferromagnetic 
material, and it has the potential to be a highly multi- 
functional material with coexisting ferromagnetic, semi- 
conducting, and magneto-optical properties. Theoreti- 
cal predictions of room temperature ferromagnetism in 
transition metal (TM)-doped ZnO [H H U have initi- 
ated a number of experimental works on these systems 
as a potential oxide-based diluted magnetic semiconduc- 
tor (DMS) material. The first observation of ferromag- 
netism in Co-doped ZnO was reported by Ueda et al. 
[5]. They prepared Zni_2,Coa;0 thin films on sapphire 
substrates using PLD technique with x varying between 
0.05 and 0.25. Following these initial theoretical and ex- 
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perimental reports, different growth methods have been 
used to deposit Co:ZnO films, including radio-frequency 
(RF) magnetron co-sputtering ^, pulsed laser deposition 
(PLD) using aKrF laser [7l[8l|9l[ini[IIl[12l[l3l[Tl], com- 
binatorial laser molecular beam epitaxy (LMBE) P^SlfTB] . 
sol-gel method [ITj , as well as ion implantation [TB] . Sap- 
phire has been widely used as substrate due to the small 
mismatch (2%) between (0001) oriented ZnO and AI2O3 
(1120) substrates. In addition to cobalt, other 3d tran- 
sition elements have also been used for doping, including 

Mn [3 ng ESI EQl ED, Ni [3 KH Ha, V [m [m |22], Cr 

O E], and also Fe [3 HH Hg [23]. 

Various solubility limits for Co in ZnO were reported 
by different groups. Prellier et al. [TD] have determined 
a solubility limit of about 10 at.% in PLD-grown films. 
Park et al. 2A\ reported that cobalt nanoclusters start 
to form for x >12 at.% in samples grown by sol-gel and 
RF sputtering techniques. Lee et al. [T7] observed some 
undefined Bragg peaks for a cobalt concentrations higher 
than 25 at.%. Kim et al. [8^ showed that the solubility 
limit is less than 40 at.% in PLD-grown films. Ueda et 
al. [S] claimed that the solubility limit is lower than 50 
at.% and they clearly observed a phase separation into 
ZnO- and CoO-rich phases in the film prepared using 
Zno.5Coo.5O targets. These controversial results from dif- 
ferent research groups are likely due to different growth 
techniques used and/or due to different growth condi- 
tions such as oxygen pressure and deposition tempera- 
ture. Recently, we have reported that using ion implan- 



tation cobalt concentrations of up to 50 at.% in ZnO 
are possible without cobalt cluster formation jT8]. This 
high concentration is attributed to the properties of ion 
implantation, which allows doping of transition metals 
beyond their equilibrium solubility limits [25 . 

Regarding the magnetic properties of Co-doped ZnO 
films, while several groups including ourself have ob- 
served room temperature ferromagnetism for 50 at.% 
[18], 25-30 at.% [HI Ej and lower [lOl dH HSl [26] Co 
concentrations, others reported the absence of ferromag- 
netism at room temperature [HI dSl HI] . 

In this paper we report detailed studies using various 
experimental techniques for the investigation of the struc- 
tural, magnetic and electronic properties of Co- implanted 
ZnO films grown on sapphire substrates and for different 
cobalt concentrations. Rutherford backscattering spec- 
troscopy (RBS) and X-ray diffraction (XRD) were used 
to determine the depth profile of implanted cobalt ions 
and to detect the formation of possible secondary phases 
such as metallic cobalt clusters. The magnetic properties 
of the films were characterized by the magneto-optical 
Kerr effect (MOKE), a superconducting quantum inter- 
ference device (SQUID) magnetometer, as well as x-ray 
resonant magnetic scattering (XRMS) techniques. In or- 
der to determine the type and concentration of carriers in 
Co-implanted ZnO films. Hall effect measurements were 
also performed. 



II. SAMPLE PREPARATION 



About 35 nm thick ZnO(OOOl) films were grown on 
10 X 10 mm^ epi-polished single-crystalline AI2O3 (1120) 
substrates by RF (13.56 MHz) sputtering of a ZnO target 
[27| . The sputtering was carried out in an atmosphere 
of 5 X lO^'' mbar pure Ar (99.999%) with a substrate 
temperature of 500° C. In order to increase the quality 
of ZnO films, the samples were annealed in an oxygen 
atmosphere with a partial pressure of up to 2000 mbar 
and a temperature of 800° C. After annealing, the ZnO 
samples were implanted with 40 keV Co+ ions with an 
ion current density of 8^A ■ cm~^ using the ILU-3 ion 
accelerator (Kazan Physical- Technical Institute of Rus- 
sian Academy of Science). The sample holder was cooled 
by flowing water during the implantation to prevent the 
samples from overheating. The implantation dose varied 
in the range of 0.25— 2.00 x lO^^Jons-cm"^. After implan- 
tation, the samples were cut into square pieces and gold 
contacts were evaporated on the corners of the samples 
for Hall effect studies (Fig.ll]). A list of the Co-implanted 
ZnO films used for the present study is given in Table [l] 
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FIG. 1: Sample preparation stages for Co-implanted 

ZnO/Al2 03 films. 



TABLE I: List of the ZnO films implanted with 40 keV Co+ 
for varying Co ion dose. 

Sample Dose {xlO'^ ' ion ■ cm~'') 

i 025 

2 0.50 

3 0.75 

4 1.00 

5 1.25 

6 1.50 

7 2.00 



III. EXPERIMENTAL RESULTS 
A. Structural Properties 

The depth dependence of the cobalt concentration in 
Co-implanted ZnO/Al203 films was investigated using 
the RBS technique at the Dynamic Tandem Laboratory 
(DTL) at the Ruhr-Universitat Bochum. The RBS data 
show both a maximum of cobalt concentration located 
close to the ZnO/Al203 interface and an extended in- 
ward tail due to cobalt diffusion into the volume of the 
AI2O3 substrate (Fig. [2|. We also noticed that after ion 
implantation the thickness of the ZnO layer has shrunk 
(e.g., from originally 35 nm to 28 nm for sample 6) due 
to sputtering effects. According to the SRIM algorithm 
[28^ , the average implanted depth of 40 keV Co ions in 
ZnO/Al203 is about 20.4 nm with a straggling of 9.6 
nm in the Gaussian-like depth distribution (solid line in 
Fig. [2]). However, because of the surface sputtering, ion 
mixing and heating of the implanted region by the ion 
beam, a redistribution of the implanted cobalt ions com- 
pared to the calculated profile has to be taken into ac- 
count. 

High-angle XRD experiments provide information on 
the structural coherence of the films and in our case 
also of possible additional phases in the sample after 
ion implantation. Fig. [3] shows high angle Bragg scans 
of the ZnO films before and after cobalt implantation. 
The data were taken using synchrotron radiation at the 
"Hamburg Synchrotron Radiation Laboratory" (HASY- 
LAB) (for pure ZnO film) and at the "Dortmund Electron 
Accelerator" (DELTA) (for cobalt implanted ZnO films) 
with an energy of E=11000 eV. Before implantation the 
x-ray diffraction pattern consists of a very strong AI2O3 
(1120) peak and a ZnO(OOOl) reflection to the left side. 
The ZnO peak is surround by thin film Laue oscillations. 
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FIG. 2: Depth dependence of the cobalt concentration in 
ZnO/Al203 implanted with Co ions with a dose of 0.25 x 
W^^ions ■ cm~^ (open symbols) and 1.50 x W^^ions ■ cm~^ 
(black symbols), respectively. Solid line presents the calcu- 
lated SRIM profile. The inset shows the experimentally ob- 
served (symbols) and simulated (solid line) RBS spectra for 
sample 6. 



which are indicative for the high quality of the ZnO film. 
After implantation, the XRD diffraction pattern shows 
a (1010) reflection of the Co hep structure on the right 
side of the sapphire substrate peak. The ion bombard- 
ment also causes an intensity reduction of the ZnO (0001) 
peak proportional to the implantation dose, indicating an 
increasing amount of lattice defects. Furthermore, after 
implantation we observe a shift of the ZnO (0001) peak to 
higher angles. We attribute the ZnO lattice contraction 
to the substitution of Zn ions by Co cobalt ions, which 
has a smaller ion radius. In addition, after implanta- 
tion a tail (shown by an arrow in Fig. ^ appears on the 
low angle side of the main AI2O3 (1120) peak which is 
not observed before implantation. This tail likely reflects 
the lattice expansion of the sapphire substrate upon Co 
inrplantation. 

In addition to the XRD experiments, we have also per- 
formed high resolution cross sectional transmission elec- 
tron microscopy (TEM) measurements for sample 6 |18j . 
The TEM results reveal the presence of metallic cobalt 
clusters in the AI2O3 sapphire substrate, but not in the 
ZnO fllm. Co clusters with a diameter of about 5-6 
nm form a Co rich layer in the substrate close to the 
ZnO/AlsOs interface [T8] . 



B. Magnetic Properties 

1. Room temperature magnetization measurements 

For the investigation of the magnetic properties of the 
Co implanted samples we used a high-resolution MOKE 
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FIG. 3: High angle Bragg scans of the ZnO(OOOl) films on 
AI2O3 (1120) before and after cobalt ion implantation. 



setup in the longitudinal configuration with s-polarized 
light |29l |30l [31]. Fig. |4] shows the hysteresis loops of 
Co-implanted ZnO films which were recorded at room 
temperature. The MOKE data in Fig. |4] clearly indicate 
that after cobalt implantation, non-magnetic ZnO be- 
comes ferromagnetic at room temperature with a large 
remanent magnetization. With increasing cobalt con- 
centration the implanted ZnO films exhibit sequentially 
paramagnetic, weak ferromagnetic and, finally, ferromag- 
netic response with a square-like hysteresis at room tem- 
perature for the dose of 1.50 x lO^^ions • cm^^. For 
the highest dose (2.00 x lO^^ions • cm~^) the square-like 
shape of the hysteresis loop disappears and the coercive 
field increases drastically. From this we infer that for the 
highest dose level the cobalt atoms start to form clusters 
in the ZnO film. Moreover, although no in-plane mag- 
netic anisotropy was observed by MOKE in Co-implanted 
ZnO films, we observed a clear six-fold in-plane magnetic 
anisotropy by ferromagnetic resonance (FMR) technique 
[52] . The corresponding FMR data show that the easy 
and hard axes have a periodicity of 60 degree in the film 
plane, in agreement with the hexagonal structure of the 
ZnO film. 

In order to study in detail the observed ferromag- 
netic behavior, the magnetic properties of Co-implanted 
ZnO films were investigated using the XRMS technique. 
XRMS has proven to be a highly effective method for 
the analysis of the nragnetic properties of buried layers 
and interfaces, including their depth dependence |33[l34j. 
Moreover, if the photon energy is flxed close to the energy 
of the corresponding x-ray absorption edges, element spe- 
cific hysteresis loops can be measured f35]. Since there 
are three elements in the Co-doped ZnO film, the analysis 
can be carried out separately for Co, O and Zn. 

The XRMS experiments were performed using the 
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FIG. 4: Room temperature MOKE hysteresis curves of Co- 
implanted ZnO films measured for varying implantation dose. 



30 



-2) 



-*-1.0Dit10" 



■ «WB*fi)3e»S!8 



7=300 K 



730 7*) 




TieO 7B0 KB 
&iEiigy{eV) 



«20 e*D 



FIG. 5: The asymmetry ratios taken at the Co L edges 



for sample 6 (1.50 x 10 ions 



and sample 4 (1.00 x 



10^ 



shown by black and open symbols, re- 



spectively. Inset presents the asymmetry ratio of sample 2 
(0.50 X 10^''ions ■ cm~^) measured at 4.2 K. 



ALICE difFractometer |36] at the undulator beamline 
UE56/1-PGM at BESSY II (Berlin, Germany). The 
difFractometer comprises a two-circle goniometer and 
works in horizontal scattering geometry. A magnetic field 
can be applied in the scattering plane and along the sam- 
ple surface either parallel or antiparallel to the photon 
helicity, which corresponds to the longitudinal magneto- 
optical Kerr effect (L-MOKE) geometry. The maximum 
field of ±2700 Oe was high enough to fully saturate the 
magnetization of the sample. The magnetic contribution 
to the scattered intensity was always measured by re- 
versing the magnetic field at fixed photon helicity. As a 
compromise between high scattering intensity and high 
magnetic sensitivity for the investigation of the magnetic 
properties at the Co L edges, the scattering angle was 
fixed at the position of 20 = 8.2° (the angle of incidence 
is 61 = 4.1°) P^. 

The magnetic contribution to the resonant scattering 
can best be visualized by plotting the asymmetry ratio, 
Ar = (/+ - I^)/{I^ + I~)- In Fig. |5]we show the asym- 
metry ratio taken at the Co L edges for samples doped 
with different doses. The asymmetry ratio shows a strong 
ferromagnetic signal for sample 6 (up to 30 %), and it 
decreases with decreasing cobalt implantation dose. For 
sample 2, we observe only a very small magnetic signal at 
4.2 K. In addition to XRMS, we have also employed x-ray 
absorption spectroscopy (XAS) experiments for sample 6. 
The XAS spectrum clearly exhibits a multiplet structure 
of the Co L3 peak, which is typical for oxidized cobalt 
showing the presence of Co^+ state in the ZnO film [18]. 

The magnetic signal at the Zn L3- (E=1021.8 eV) and 
the O K- (526.8 eV) edges were also investigated. Within 
the sensitivity limit no magnetic signal could be resolved 
for Zn. However, a clear magnetic signal was observed at 
the O K edge for sample 6 [15]. In addition to sample 6, 
a very small magnetic signal at the O K edge was also 



observed for the samples 4 and 7 presented in Fig. |6] 
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FIG. 6: The magnetic signal at the O K edge for samples 4 
(black symbols) and 7 (solid line). Insets a and b show the 
hysteresis curves taken at the O K edge for samples 4 and 7, 
respectively. 
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FIG. 7: Temperature dependent magnetization curves of Co- 
implanted ZnO films recorded by SQUID magnetometry for 
varying implantation dose. FC and ZFC curves refer to field 
cooled and zero-field cooled protocols and are presented by 
closed and open symbols, respectively. In both cases the data 
were taken in a field of 100 Oe during the heating up cycle. 
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FIG. 8: SQUID M - H loops of Co-implanted ZnO films 
measured for different implantation doses at 5 K. 
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FIG. 9: The dose dependence of the normalized remanent 
magnetization (a), the coercive field (b) and the saturation 
magnetization (c), respectively. The data taken at 5 K using 
SQUID magnetometry. 



2. Temperature 



magnetization measurements 



In order to check the temperature dependence of the 
magnetization for ZnO films doped with different doses, 
we carried out field cooled (FC) and zero field cooled 
(ZFC) M — T measurements using a SQUID magnetome- 
ter. For ZFC measurements, the samples are first cooled 
in zero field to 5 K and the magnetization is recorded 
during warming up to 390 K with an applied field of 100 
Oe, parallel to the film surface. For FC measurements, 
the applied field of 100 Oe is kept constant during cooling 
to 5 K and the magnetization is recorded during warm- 
ing at the same field value. Due to the clustering of 
cobalt in the AI2O3 substrate ([IH]), the FC (closed sym- 
bols) and ZFC (open symbols) curves presented in Fig. [t] 



always show evidence for the presence of a superpara- 
magnetic phase. There is a small peak at about 20 K 



in ZFC curve of sample 1 (0.25 x 10 



17 



ions ■ cm 



') and 



this peak shifts to higher temperatures with increasing 
cobalt concentration. The trend in the M — T curve of 



sample 1 (0.25 x 10 



17 



ions ■ cm 



^) can be attributed to 



the coexistence of a ferromagnetic phase originating from 
substituted Co^+ ions in ZnO and the superparamag- 
netic phase due to cluster formation in AI2O3. Hystere- 
sis curves measured at 5 K (Fig. [8| indicate that the su- 
perparamagnetic phase in this sample is more dominant 
than the ferromagnetic phase. The M ^T measurements 
for the samples implanted with higher doses exhibits su- 
perparamagnetism with a blocking temperature of about 



100 K and 250 K for sample 2 (0.50 x 10 



17 



ions ■ cm 



') 



and sample 3 (0.75 x 10^'^ions ■ cm~'^), respectively. The 
hysteresis curves of these films (Fig. [sl also show that 
the superparamagnetic phase is still dominating over the 
ferromagnetic phase. But the steep part of the hys- 
teresis curve of sample 3 and the increased coercivity 
(0.75 X lO^'^ions ■ cmr"^) are indicative for the onset of 
a clear ferromagnetism phase at this dose. The tem- 
perature dependent magnetization curves of sample 4 
(1.00xlO^'^ions-cm~^), sample 5 (1.25x lO^^ions-cm"^) 



and sample 6 (1.50 x 10 



17, 



ions 



cm ) show that these 



samples have a blocking temperature of about 390 K or 
even higher. The magnetic hysteresis of these samples 
measured by SQUID (Fig. [s]) clearly show a ferromag- 
netic phase superimposed by a superparamagnetic com- 
ponent. The ferromagnetic component is present even 
above room temperature as seen in the MOKE exper- 
iments in Fig. |4J Since MOKE probes only films near 
their surface, the superparamagnetic component in these 
samples, which is deeper in the substrate, is not seen by 
MOKE experiments. 

In the SQUID hysteresis curves there is another re- 
markable effect of the ferromagnetic phase as a function 
of dose. The coercivity Hq decreases systematically with 
increasing Co dose up until a dose of 1.50 x lO^^ions • 
cm~^, as seen in Figs. ^ and pl(b). This behavior may 
be explained as follows: with increasing Co dose the mag- 
netization becomes more homogeneous and, since mag- 
netic inhomogcneities are the main source of pinning for 
the domain walls. He decreases with increasing Co dose. 
Between 1.25x lO^^zons-cm"^ and 1.50x lO^^ions-cm"^ 
the potential barrier for reversal of the ferromagnetic 
component becomes smaller. Up to this level all inho- 
mogcneities are filled. Any higher dose is counterproduc- 
tive, it decreases the saturation magnetization and en- 
hances the coercivity (see Figs.|9](b) and (c)), indicating 
that Co goes into antisites with eventually antiferromag- 
netic (AF) coupling, loss of magnetization, and increase 
of the coercivity. CoO clusters are formed in the ZnO 
matrix with AF spin structure and AF coupling to the 
remaining ferromagnetic Zn(Co)0 film. The M — T data 
(Fig. [tI and the room temperature (Fig. El and low tem- 
perature (Fig. Is]) hysteresis measurements of sample 7 
(2.00 X lO^^ions • cm~^) clearly indicate that the cobalt 
atoms start to cluster also within the ZnO layer at the 
highest dose. 



C. Hall effect measurements 

In ferromagnetic materials the Hall voltage consists 
of the ordinary term and an additional term that con- 
tributes to the Hall voltage due to their spontaneous 
magnetization. This additional contribution, called 
anomalous Hall effect, is proportional to the sample mag- 
netization 137]. Hence, the Hall voltage can be written 
as ^37] . 



Vh = 



^)Hcosa+(^^^^)Mcose, 



V t 



(1) 



where t is the film thickness and / is the current. Rq 
and Ra are the ordinary and anomalous Hall effect coeffi- 
cients, respectively, /io is the permeability of free space. 
a is the angle between the applied magnetic field (H) 
and sample normal. 9 is the angle between the sample 
magnetization (M) and the sample normal. The first 
term in Eq. [llis the ordinary Hall effect and arises from 
the Lorentz force acting on conduction electrons. This 
establishes an electric field perpendicular to the applied 
magnetic field and to the current. The anomalous Hall 
effect term is conventionally attributed to spin dependent 
scattering involving a spin-orbit interaction between the 
conduction electrons and the magnetic moments of the 
material. At low applied magnetic fields, the Hall volt- 
age (Vh) is dominated by the magnetic field dependence 
of the sample magnetization M. When the applied mag- 
netic field is high enough to saturate the sample magneti- 
zation, the magnetic field dependence of the Hall voltage 
becomes linear due to the ordinary Hall effect. 

In order to check whether this behavior is present in 
Co-implanted ZnO films and to determine the charac- 
ter of the majority carriers, we have carried out Hall 
effect experiments. The Hall effect measurements were 
performed at 4.2 K using a van der Pauw configuration 
presented in Fig. fTolas an inset. 
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FIG. 10: AHE data of sample 6 {1.50 xlO" ions- cm'^) taken 
at 4.2 K. Inset shows the geometry of the AHE measurements. 
H is the external magnetic field applied perpendicular to the 
film surface. 



The Hall effect data of sample 6 (1.50x 10 



17 



ions -cm 



') 



are shown in Fig 
at low field, i.e.. 



10 



A sharp rise in the Hall voltage 
AHE, is followed by a slow decrease 
corresponding to the ordinary Hall effect. It is important 
to note that the negative slope at high fields indicates n- 
type carriers in Co-implanted ZnO film with a 3D carrier 
concentration of n^D = 1-931 x 10^^ • cm^^ . The Hall 
mobility measured at 4.2 K is about 90cm^ • V~^s~^ for 
sample 6. We have also observed similar behavior for 



the samples 3, 4, 5 and 7. However, for the lowest two 
doses (samples 1 and 2), the measurements cannot be 
done because of a too small signal-to-noise ratio of the 
Hall voltage. 



IV. 



DISCUSSION 



For the dose dependence of magnetic phases in ZnO 
films at room temperature we propose the following sce- 
nario : At low doses (0.25 — 0.50 x lO^'^ions ■ cm^'^) the 
number of substituted cobalt ions in the ZnO layer is very 
small, which results in a paramagnetic signal at room 
temperature. Increasing of cobalt implantation dose 
leads to an increasing number of substituted cobalt ions 
and after certain cobalt concentration they start to inter- 
act ferromagnetically. For this reason at the cobalt dose 
of 0.75 X 10^'^ions ■ cm~'^ a weak ferromagnetic behavior 
is observed with a Tc below room temperature. At higher 
cobalt concentrations (1.00 — 1.50 x lO^^ions • cm~^) the 
substituted cobalt ions in ZnO interact strongly and sta- 
bilize room temperature ferromagnetism. At the highest 
dose of 2.00 x 10^'^ions ■ cm~^, in addition to the substi- 
tuted cobalt ions, metallic cobalt clusters are also present 
in the ZnO layer. 

As discussed in detail in Ref. [18], the difference in 
the shape of the hysteresis loops obtained by MOKE 
and SQUID is attributed to the surface sensitivity of the 
MOKE technique with a maximum penetration depth of 
about 20-30 nm. The ZnO films have a thickness of 35 
nm before implantation. Because of surface sputtering, 
the ZnO thickness decreases (e.g., decreased to about 28 
nm for sample 6) after implantation. Thus, MOKE pro- 
vides information only from the ZnO layer, not from the 
sapphire substrate, i.e. MOKE is only sensitive to the 
ferromagnetic contribution from the ZnO layer. In this 
layer a small fraction of nonmagnetic Zn atoms are sub- 
stituted by magnetic Co ions, giving raise to the MOKE 
hysteresis. However, SQUID measurements collect mag- 
netic contributions from both the Co-implanted ZnO film 
and from the cobalt clusters in AI2O3 (Fig. 111. There- 
fore, the difference between the MOKE and SQUID data 
appear as a result of the depth-dependent Co content in 
the implanted layer. 
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FIG. 11: The cluster formation in AI2O3 substrate after 
cobalt ion implantation. 

Another important result of this study is the obser- 
vation of oxygen spin polarization in Co-implanted ZnO 
films. This shows that the oxygen atoms are polarized 
due to the spontaneous ferromagnetic order in ZnO films. 
The main question that arises here is the mechanism 



which leads to the observed long range ferromagnetic or- 
dering in Co-doped ZnO. Recently, Patterson [38] calcu- 
lated the electronic band structure of Co substituted for 
Zn in ZnO, for Zn and O vacancies, and for interstitial 
Zn in ZnO using the B3LYP hybrid density functional 
theory. He reported that the singly-positively charged 
O vacancy is the only defect in Co-doped ZnO which 
can mediate ferromagnetic exchange coupling between 
Co ions at intermediate range (just beyond near neighbor 
distances). In the ground state configuration the major- 
ity Co spins are parallel, whereas the minority spins are 
parallel to each other and to the oxygen vacancy spin, 
so that there are exchange couplings between these three 
spins leading to an overall ferromagnetic ground state of 
the Co ions. No substantial exchange coupling was found 
for the positively charged interstitial Zn defect which has 
also spin 1/2. The exchange coupling mechanism pro- 
posed by Patterson is essentially the same as the impu- 
rity band model of Coey et al. j39] , where the polarons 
bound to the oxygen vacancies mediate ferromagnetic 
coupling between Co ions. In order to have the mag- 
netic moments of the Co ions aligned ferromagnetically, 
one mediating electron is required with an oppositely di- 
rected spin. This is in line with a recent comparison of 
band structure calculations by Walsh et al. showing that 
the electronic structure of Co-doped ZnO is consistent 
with carrier mediated ferromagnetism j40j. The oxygen 
spin polarization has not explicitly been considered in the 
aforementioned band structure calculations and may be 
due to ferromagnetic splitting of nearest neighbor oxygen 
p-levels. This has already been speculated by Methfessel 
and Mattis in their seminal review article on magnetic 
semiconductors [41] . 

The reason for the observation of AHE and n-type 
carriers in Co-implanted ZnO films can be explained by 
electron doping via Zn interstitials. Normally, isovalent 
TM^+ doping of ZnO does not introduce charge carriers 
itself, they need to be produced by additional doping [42] . 
However, using ion implantation not only cobalt ions are 
introduced in ZnO, but simultaneously many other de- 
fects are also be produced in the implanted region, such 
as Zn interstitials which are reported to form shallow 
donors in ZnO [TT] |33J HJl . This can be thought of as an 
added advantage of ion implantation that it not only in- 
troduces transition metal ions to induce ferromagnetism 
but also introduces the required charge carriers into the 
ZnO. 



V. SUMMARY 

In conclusion, the structural, magnetic and electronic 
properties of Co-implanted ZnO films, deposited by RF- 
sputtering methods on a (1120) oriented sapphire sub- 
strate, have been investigated. The structural data in- 
dicate a Co cluster formation in the sapphire substrate 
close to the ZnO/Al203 interface but well separated from 
the ZnO film. No indication of clustering in the ZnO layer 



has been found. The previously reported XAS data with 
a multiplet fine structure around the Co L3 edge clearly 
shows that the implanted cobalt ions are in the Co^+ ox- 
idation state, most likely substituting part of the Zn^+ 
ions in the host matrix. The combination of room tem- 
perature and low temperature magnetization measure- 
ments indicates that there are two magnetic phases in 
the Co-implanted ZnO/Al203 films. One is the ferromag- 
netic phase due to the Co substitution on Zn sites in the 
ZnO film, the second magnetic phase originates from Co 
clusters in the sapphire substrate. Furthermore, a clear 
ferromagnetic signal at the O K edge is observed which 
shows that the oxygen spin polarization is an important 
indicator for the observed long range ferromagnetic or- 
dering in the ZnO layer. In conclusion, implantation of 
cobalt ions into the nonmagnetic ZnO film causes intrin- 
sic ferromagnetism at room temperature and simultane- 
ously creates n-type charge carriers without additional 



doping. 
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